circuits. Advances were made in Guignard's work by using model strengthening constraints, 100 lifting constraints, and prioritized branching. Andalaft et al. (2003) also made significant D r a f t 6 improvement, quantitatively, the use of a dense set of candidate roads can make in improving 124 the solution versus a sparse set; for such an inquiry has not been made before.
125
The objective of this paper is to quantify and evaluate the benefits of using a dense 126 versus a sparse set of candidate roads, generated using an optimal road location model, within 127 the integrated tactical planning model. To achieve this objective, a new formulation of the 128 integrated model is solved, using the branch and bound algorithm, for three different problem 129 instances in which a dense versus a sparse set of candidate roads have been used, and the 130 resulting solutions compared. The main contribution of this paper is an illustration of the 131 potential economic value of generating and using a dense versus a sparse set of candidate 132 roads to achieve reductions in the two biggest costs resulting from tactical planning.
134

Methods
135
Generating a Set of Candidate Roads
136
To generate a set of candidate roads using an optimal road location model, a map was 137 first constructed of three layers, representing: i) forest polygons and water bodies; ii) a digital 138 elevation model of the forested landscape; and iii) a graph comprised of potential road 139 vertices and arcs.
140
The graph was built in several steps. First, a squared grid with a 50m × 50m network. This approach to designing a graph for the generation of roads has been used by D r a f t 7 Epstein et al. (2006) and Stückelberger et al. (2007) for operational planning. All arcs that 149 would be infeasible as roads were then removed from the graph.
150
To construct a dense set of candidate roads, a desired road-density must also be 151 selected. In this paper, a density of candidate roads was selected such that: each polygon is 152 connected by one road to each of its adjacent polygons (i.e., polygons sharing a common 153 vertex). In addition, for each polygon in the forested layer, the vertex where each road 154 originates was located upon the broadest and flattest portion of the terrain within each 155 polygon; i.e., the area most suitable for a landing. Dijkstra's (1959) shortest path algorithm was then used to find each shortest path 157 between all pairs of adjacent polygons. This classic search algorithm was adapted to meet a 158 set of constraints and penalties designed to maintain the following road standards:
159
-Favourable grade: limited by penalties for steeper grades (> 15%).
160
-Abrupt grade change: limited by penalties for abrupt changes in grade.
161
-Radius of curve: limited by penalties for abrupt changes in horizontal alignment.
162
-Minimal stream-crossings: links that cross streams were penalized.
163
-Minimal switchbacks: penalize switchbacks.
164
Several shortest path algorithms, adapted to optimizing forest road locations at the 165 operational scale, can be found in the literature (Akay et al. 2013) . In this work, we used the 166 shortest path algorithm developed by Anderson and Nelson (2004) and refined by 167 Stückelberger et al. (2007) . The fundamental inquiry of this paper does not hinge upon 168 which road location model is used; and the reader is referred to Anderson and Nelson (2004) 
169
and Stückelberger et al. (2007) for finer details on the optimal road location model used in 170 this paper.
Formulation of the Integrated Model
174
A dense set of candidate roads, produced using an optimal road location model, can 175 reveal a problematic attribute; namely, that some roads share a common set of arcs. That is, 176 two separate roads, comprised of arcs defined at the 50m × 50m scale, and connecting 177 separate polygons, can overlap upon the same arcs defined at the 50m x 50m scale. For 178 example, Figure 2 illustrates the overlap that can occur in a dense versus a sparse set of 179 candidate roads. Therefore, if two overlapping roads were selected for construction, then the overlapping arcs 195 would be counted twice when calculating the total construction cost. paper, and will now be described.
206
To formulate the second approach, all candidate roads were divided into two sets: set 
215
In Figure 3 , the w ijt accounting variables would be w 13,t , which represents the 216 unshared section of the candidate road connecting landings located at vertices 1 and 3, and 217 w 23,t which represents the unshared section of the road connecting vertices 2 and 3. .
218
Similarly, the accounting variables representing w' i'j't would be the set of eight arcs, shared 219 by two different roads, between point A and the vertex representing the landing in polygon 3.
220
In the following equations, these two accounting variables are linked to the binary distinguished from roads in set B as follows: profit, ensures that these variables will be either zero or one. Hence:
The complete mathematical formulation of the integrated model, used in this paper, is pre- 
The objective function of the model [7] is to maximize the present value of revenue minus the 314 discounted costs of road construction and transportation. The first constraint [8] ensures that 315 a polygon may not be harvested more than once during the planning horizon. Equation [9] 316 constrains the harvest of polygons that are ineligible, either by age or located in a reserve.
317
The set of area-restricted adjacency constraints is defined in equation [10] . This is a standard Kirby et al. (1986) ; and, because of its effectiveness, has also 361 been used by Guignard et al. (1998) and Andalaft et al. (2003) . and Veliz et al. (2015) . Con- road triggered by the harvesting of a polygon, from which a road emanates, has been to 367 shown be computationally effective by Guignard et al. (1998) and Anadalaft et al. (2003) . In 368 addition to using the constraint of Kirby et al. (1986) , the trigger constraint in equation [23] 369 uses the temporal lifting introduced by Guignard et al. (1998 
Generation of a Sparse Set of Candidate Roads
376
The dense set of candidate roads, as noted above, was generated such that each 377 polygon is connected to each of its adjacent polygons by one candidate road. A sparse set of 378 candidate roads was also generated to facilitate a comparison. The sparse set of candidate 379 roads was generated as follows:
380
The integrated model, using the dense-set of candidate roads, was executed with the 381 following changes made to the model: b) The planning horizon was switched to one period, and all polygons in the forest were 385 constrained to be harvested in that period.
386
c) The flow originating from the harvest of each polygon was set to equal 1; and the demand 387 value at the demand-vertex (the forest's point of entry) was set to equal the total number of 388 polygons harvested.
389
Hence, the model was changed such that the objective function was set to minimize 390 the cost of constructing a road-network required to transport wood from all landing-vertices,
391
to the demand-vertex. These changes, in effect, produce an uncapacitated network-design 392 model where transportations-costs are zero; and, as Magnanti and Wong (1984) observed, number of forested polygons they contain; viz., 262, 400, and 500, respectively.
403
For each forest, the existing age-class distribution found in the case study was used.
404
The minimum rotation age for each polygon was set at 70 years. at the very least, as good as those recorded in Table 3 . Second, one can observe from Table 3 462 that, on average, improvements were made in reducing transportation and construction costs 463 by using the dense set of candidate roads rather than the sparse. total costs by a factor of 6.8. difference in the schedule of harvests illustrated in Figure 4 , it worth noting that revenue from 479 these two schedules differs by less than 2%. Hence, there appears to be more than one way to 480 achieve near-optimal revenue values.
481
Second, one may also observe, from Figure 4 , the spatial attributes of a more efficient 482 road network-one in which construction costs in the solution using a dense set of candidate 
Discussion
495
The results indicate that the use of a dense set of candidate roads holds the potential 496 for facilitating reductions in the costs of transportation and construction that result from 497 tactical planning. We interpret the results as illustrative, rather than statistically significant,
498
because of the sample size.
499
The first topic of discussion concerns interpreting the dominant trend in the results; 500 viz., that the dense sets of candidate roads facilitated reduced transportation and construction 501 costs, but that their impact upon revenue was almost negligible. Given that the optimal 502 locations of both cut-blocks and roads are interdependent, when using the integrated model,
503
one might reasonably have expected that, should an improvement occur in the solutions 504 yielded by the problem instances with denser sets of candidate roads, then these 505 improvements would be found in both revenue and costs--since they are interdependent.
506
These results have led us to recall that the potential for improving revenue has a tight upper 507 bound in the form of the periodic harvest constraint that is handed down from the forest's 508 strategic plan. This constraint restricts harvest levels to a maximum number of m 3 per period.
509
Hence, the improvements that can be made in periodic revenue has an upper bound that dispersed set of harvest blocks provides more opportunities to benefit from a dense set of 523 candidate roads than a tightly aggregated set of blocks, therefore the ratio of revenue to costs 524 can limit the achievable benefits of our approach in this paper.
525
A second point of discussion concerns clarifying the benefits of the overlapping roads of using the optimal road location model to produce a dense set of candidate roads. In 535 addition, one can also observe that the opportunity for the fine-scale selection of these quasi-
536
Steiner nodes (such as node A in Figure 3) Tables   Table 1. Properties of the roads used in the 3 different forests used in this paper. 
